Beer is a popular alcoholic beverage worldwide. Nonalcoholic beer (NA-beer) is increasingly marketed. Brain responses to beer and NA-beer have not been compared. It could be that the flavor of beer constitutes a conditioned stimulus associated with alcohol reward. Therefore, we investigated whether oral exposure to NA-beer with or without alcohol elicits similar brain responses in rewardrelated areas in a context where regular alcoholic beer is expected. Healthy men (n = 21) who were regular beer drinkers were scanned using functional MRI. Participants were exposed to word cues signaling delivery of a 10-mL sip of chilled beer or carbonated water (control) and subsequent sips of NA-beer with or without alcohol or water (control). Beer alcohol content was not signaled. The beer cue elicited less activation than the control cue in the primary visual cortex, supplementary motor area (reward-related region) and bilateral inferior frontal gyrus/frontal operculum. During tasting, there were no significant differences between the 2 beers. Taste activation after swallowing was significantly greater for alcoholic than for NA-beer in the inferior frontal gyrus/anterior insula and dorsal prefrontal cortex (superior frontal gyrus). This appears to be due to sensory stimulation by ethanol rather than reward processing. In conclusion, we found no differences in acute brain reward upon consumption of NA-beer with and without alcohol, when presented in a context where regular alcoholic beer is expected. This suggests that in regular consumers, beer flavor rather than the presence of alcohol is the main driver of the consumption experience.
Introduction
Beer is a universally popular alcoholic beverage that has been consumed worldwide for millennia. Alcohol per se induces endogenous opioid release in brain reward areas (Mitchell et al. 2012) and is thus rewarding. However, over time the flavor of beer may become a conditioned cue for this reward. Nonalcoholic beer (NA-beer) is a relatively new beverage that is consumed far less than beer. However, in recent years there have been significant increases in the consumption of low-alcoholic beer (LA-beer) and NA-beer worldwide (http://www.huffingtonpost.com/2015/02/24/nonalcoholicbeer-growth_n_6735702.html). In addition, there are countries where alcoholic beverage consumption is prohibited. LA-beer and NA-beer contain no or little alcohol and may be a thirst-quenching and lower-calorie alternative for sugar-sweetened soft drinks (Silva et al. 2016) . However, when pitched against regular beer, LA-beer and NA-beer have less appeal to consumers. This is attributed to a lower appreciation of their flavor (Sohrabvandi et al. 2010; Chrysochou 2014; Silva et al. 2016) , suggesting that NA-beer has a lower reward value than beer. In line with this, labeling an NA-beer as regular beer increases its liking .
The expectation of consumers and context can affect alcoholic beverage intake and physiological and psychological responses (Silva et al. 2015; . People consume more when they believe a drink contains alcohol than when they believed it does not contain alcohol, regardless of actual alcohol content (Wigmore and Hinson 1991) . Also, they consume more in a barroom setting than in a laboratory setting (Wigmore and Hinson 1991) . NA-beer, that is, a flavor associated with alcohol, induced similar reductions in arousal (skin conductance) and increases in feelings of pleasure as alcohol-containing beverages do (Glautier et al. 1992) . Thus, the mere belief of alcohol intake and the flavor of beer without alcohol can trigger conditioned responses associated with alcohol.
The flavor of beer is a conditioned stimulus and dopamine receptor positron-emission tomography studies have shown that tasting beer, in the absence of intoxication, can induce dopamine release in the right ventral striatum (Oberlin et al. 2013 (Oberlin et al. , 2015 (Oberlin et al. , 2016 . The same group also demonstrated, with the use of blood-oxygenationlevel dependent functional magnetic resonance imaging (BOLD fMRI) , that the flavor of a preferred beer compared with a sweet sports drink (Gatorade) can activate the bilateral orbitofrontal cortex (OFC) and right ventral striatum (Oberlin et al. 2016) . It is unclear, however, in how far the flavor of NA-beer can also act as a conditioned stimulus signaling alcohol reward, in the absence of ethanol.
In part, a comparison with soft drinks may be made. For soft drinks, taste fMRI studies have shown differences between caloric (sugar-sweetened) and noncaloric (artificially sweetened) beverages, among others in reward areas (Frank et al. 2008; Chambers et al. 2009; Smeets et al. 2011) . Also, there is mounting evidence for direct detection of calories in the mouth, independent of sweetness, from studies on the effects of carbohydrate mouth rinses on performance (Jeukendrup 2013;  de Ataide e Silva et al. 2014) and from studies providing compelling evidence for the existence of an oral carbohydrate receptor (Lapis et al. 2014 (Lapis et al. , 2016 . However, unlike sweet drinks, beer has a bitter taste, which only becomes liked after repeated exposure. It is unclear also in how far direct detection of (the flavor of) ethanol is in play. Animal work has suggested that ethanol can be detected directly by the sweet taste receptor (Lemon et al. 2004) ; however, this has not been examined in humans. In addition, as mentioned earlier, the expected presence of alcohol may trigger physiological alcohol-like effects, when a beer flavor is presented (Glautier et al. 1992) .
Therefore, the primary objective of this study was to assess whether oral exposure to NA-beer with or without alcohol elicits similar brain responses in reward-related areas in a context where regular alcoholic beer is expected. The secondary objective was to compare anticipatory brain activation between a cue signaling the administration of beer or carbonated water.
We hypothesized that in our setting where regular beer is expected, there would be no difference in brain activation between beer and NA-beer tasting, in particular not in brain areas involved in reward receipt, assuming that the beer flavor (conditioned cue) rather than the alcohol per se is the main driver of the brain response. Because flavor perception and in particular the ability to detect the taste of alcohol may differ before and after swallowing, we distinguished between "taste" and "aftertaste"; the presence of alcohol may be sensed better after swallowing, albeit not on the tongue. Therefore, there may be differences in flavor-and reward-related area activation between NA-beer with and without alcohol during "aftertaste." For cue presentation, we hypothesized stronger activation of brain areas involved in reward anticipation for a beer than for a carbonated water cue.
Materials and methods

Participants
Participants were 21 healthy, normal-weight, right-handed men (age 25.1 ± 3.3 years, body mass index (BMI) 22.5 ± 1.8 kg/m 2 , mean ± SD), who regularly drank beer. Exclusion criteria included a BMI <20 or >25; being under 18 or over 35 years of age on the study day; smoking more than one cigarette/cigar per day; drinking on average >14 units of alcohol per week; high dietary restraint (Dutch Eating Behavior Questionnaire Restraint score > 2.5); having an energy restricted diet during the last 2 months; a change in body weight >5 kg in the past 2 months; having difficulties with swallowing/eating; having a taste or smell disorder; having a history of medical or surgical events that may significantly affect the study outcome, such as metabolic or neurological disease or any gastrointestinal disorder; having a family history of alcoholism (loss of control, tolerance or withdrawal symptoms toward alcohol in direct family); use of daily medication (except aspirin or paracetamol); and MRI exclusion criteria such as claustrophobia and having metal implants or metal objects on the body that cannot be removed.
This study was conducted in accordance with the Declaration of Helsinki for medical research involving human subjects, approved by the Medical Ethical Committee of Wageningen University and registered in the Dutch Trial Register (NTR4560). All participants provided written informed consent.
Study design
The study consisted of a training session and a scan session, both held in the afternoon. On the scan day, participants tasted beer, NA-beer, and carbonated water during an MRI scan session. Participants were not informed about the presence or absence of alcohol; in both sessions all beers were simply presented as "beer."
Experimental procedures
Stimuli
The stimuli used were a commercially available NA-beer (Amstel 0.0, 0.0% alcohol) and the same beer with 4.8% alcohol added (96% food grade ethanol). For the latter, 50 mL ethanol was added to 950 mL NA-beer and gently stirred. This was done to ensure that the 2 beers were exactly equal, with the exception of the alcohol, which would not have been the case when commercially available alcoholic and NA-beers had been used. A sensory test in n = 21 individuals (age 27.7 ± 8.2 years) confirmed that the perceived degree of carbonation, rated in duplicate on a 10-cm visual analogue scale (VAS), was very similar for the two beers (NA-beer: 53 ± 17 mm; NA-beer + ethanol: 52 ± 15 mm). The control stimulus was carbonated mineral water (Natuurlijk Mineraalwater-licht bruisend).
Training session
After initial screening for eligibility, participants were invited for a screening and training session. First, they filled in an inclusion questionnaire, asking about exclusion criteria. Next, they rated samples of regular beer (5% alcohol, Amstel Pilsner) and the NA-beer and NA-beer with ethanol added, on sweetness, bitterness, liking, and desire to drink with a 100-unit VAS (Anchors: "Not at all" and "Very much"). Samples were served chilled in 30-mL medicine cups. After each sample, participants rinsed their mouth with water and were allowed to take a bite of a plain cracker to clean their palate. Subsequently, they filled out several personality questionnaires.
Finally, they underwent a brief training session in a dummy MRI scanner during which they tasted and rated the control stimulus (carbonated water), exactly as in the real fMRI task. Participants were not scheduled for the scan session if they were uncomfortable with mock scanning or disliked one of the two beers used in the fMRI task (VAS rating less than 40).
Scan session
Participants were scanned in the late afternoon or early evening, between 3:00 pm and 07:00 pm. They were instructed to refrain from eating and drinking (except water) for at least 3 h. Before and after the MRI scan session, they rated their thirst, desire to drink, appetite (hunger, fullness, satiety, desire to eat, prospective consumption), and nausea on 100-unit VASs. In addition, they rated the 2 fMRI task beers once on sweetness, bitterness, liking, and desire to drink before and after the scan session.
Taste fMRI session
Stimuli were delivered in 10 mL aliquots at 300 mL/min via 3 computer-controlled peristaltic pumps (323DU, Watson-Marlow Ltd), using silicon tubes (inner diameter 4.8 mm, outer diameter 8 mm) that led to the participant through an ice water bath placed next to the scanner table. In this way, the stimuli were cooled to approx. 8 °C (at mouth end). The 3 tubes were bundled, fixed to the head coil, and positioned comfortably between the lips. The 10-mL sip size was chosen to have a more naturalistic sip size than that commonly used in taste fMRI (0.5-2 mL). It was based on previous work in which 5-and 20-mL sips were delivered at 300 and 600 mL/min, respectively outside the scanner (Weijzen et al. 2009; Smeets et al. 2011) , and a subsequent study in which 500 mL chocolate milk was consumed in 12-mL sips during fMRI scanning (Spetter et al. 2014) . Sip delivery was tolerated well by all participants.
The fMRI task was programmed in Presentation (www.neurobs.com) and is illustrated in Figure 1 . It consisted of a 2-s cue signaling "beer" or "control" after which 10 mL of the stimulus was delivered (taste, 6 s of which 2 s for delivery of the sip). Then participants were cued to swallow (3 s) after which there was a second taste period of 4 s (aftertaste, "taste" shown on the screen). Finally, there was a 5-mL mouth rinse with carbonated water (5 s, of which 1 s for delivery) and a cue to swallow (3 s) followed by a 4-8 s white crosshair shown on a gray screen. Stimuli were administered in a random order, 20 times each, distributed over 3 functional runs of about 10 min each. In each fMRI run, participants rated each drink once on liking ("How did you like this drink?", anchored "Not at all"-"Very much") and desire to drink ("How much would you want this drink now?", anchored "Not at all"-"Very much") on a 100-unit visual analog type scale with the use of a button box (6 s per rating), resulting in 3 ratings for each stimulus. This was done after the aftertaste part, before rinsing, between one-third and half of the run, that is, after several exposures. The button box was a handheld optical response pad (diamond-type, fORP 932 system, Cambridge Research Systems Ltd). The slider would start in the middle of the line (score 50) and move 10 units with each button press. Reponses were given with the thumb, pressing either the left or right button.
Before the taste task started, 30 baseline volumes (62 s), used for optimizing echo-weighting, were acquired; the scan sequence used was a multi-echo echo-planar imaging sequence (Poser et al. 2006 Data processing and analysis fMRI data were preprocessed and analyzed with the SPM8 software (http://www.fil.ion.ucl.ac.uk/spm) in conjunction with the MarsBar toolbox (http://marsbar.sourceforge.net/) run with MATLAB 7.12 (The Mathworks Inc.).
The volumes for each echo time were realigned to correct for motion artifacts (estimation of the realignment parameters was done for the first echo and then copied to the other echoes). The 4 echo images were combined into a single volume based on the 30 volumes acquired before the actual experiment started using an optimized echo weighting method (Poser et al. 2006) . Combined functional images were slice time corrected using the middle slice as a reference and coregistered to the anatomical image. The anatomical image was segmented and normalized to the Montreal Neurological Institute space (MNI space). Using the same parameter set, the functional scans were also normalized and smoothed with a Gaussian kernel of 6 mm full width at half-maximum. After this the Volume Artefact tool from ArtRepair (Mazaika et al. 2007 (Mazaika et al. , 2009 ) was used to detect and repair anomalously noisy volumes. Volumes that had over 1.0 mm scan-to-scan movement and scans with more than 1.5% deviation from the average global signal were replaced by using linear interpolation of the values of neighboring scans.
Subject-level analyses: Eleven conditions were modeled: cue (beer and control), taste (beer, NA-beer, control), aftertaste (beer, NA-beer, control), rinsing, swallowing, and stimulus rating. The responses to rinsing, swallowing, and rating were neglected in further analyses. A statistical parametric map was generated for every participant by fitting a boxcar function to each time series, convolved with the canonical hemodynamic response function. Data were high-pass filtered with a cutoff of 128 s. To regress out motion-related variance, the motion-correction parameters from the realignment procedure were added to the model as regressors.
For every subject, parameters were estimated for 3 comparisons (referred to as contrasts), yielding 3 contrast images: beer minus control cue, beer minus NA-beer taste, and beer minus NA-beer aftertaste. These were entered into one-sample t-tests with the relevant difference in mean pleasantness rating obtained during the scan session (average of 3 ratings) added as a covariate to control for differences in liking. For taste and aftertaste comparisons, the difference in average sweetness and bitterness ratings between the beers was added as additional covariates because beer was rated as sweeter than NA-beer (Supplementary Table 2 ).
To correct for multiple testing across brain voxels, cluster extent thresholds were determined for each analysis at P = 0.001 with the SPM cluster size threshold tool available at https://github.com/ CyclotronResearchCentre/SPM_ClusterSizeThreshold to determine the minimum cluster size needed for an family-wise error-corrected (FWE-corrected) P = 0.05 across the whole brain. In addition, we report results at a threshold of P = 0.001, k > 19 contiguous voxels to allow for meta-analysis. Such a threshold inflates the risk of false positives, but it is more stringent than the arbitrary threshold used by many studies (Eklund et al. 2016) and much more stringent than recommended by Lieberman and Cunningham (2009) .
Reward ROI analyses
Region of interest (ROI) analyses were performed to test for group differences in predefined regions that are known for their involvement in reward processing. A reward ROI mask was made including the bilateral insula, anterior and middle cingulum, supplementary motor area (SMA), OFC (orbital parts of the inferior, middle, and superior frontal gyri), thalamus, and striatum (caudate, putamen, pallidum) (Knutson et al. 2000 (Knutson et al. , 2001b Hoogendam et al. 2013) . Within this mask, the ventral striatum was defined as the part of the caudate nucleus below the z-coordinate of 0 mm. Regions were based on definitions of the automated anatomical labeling-atlas (Tzourio-Mazoyer et al. 2002) and created using the WFU PickAtlas Toolbox implemented in SPM (Maldjian et al. 2003) . For ROI analyses, an initial threshold of P = 0.001 was used with a subsequent FWE-corrected threshold of P < 0.05 corrected for the mask volume. It should be noted that these reward ROIs are broadly defined using atlas-based parcellations following the approach of (Hoogendam et al. 2013) . Therefore, and because of their inherent overlap, several of the regions labeled as reward ROI have also been implicated in flavor processing, in particular the thalamus, (anterior and middle) insula, and OFC.
Subjective ratings were analyzed with the use of IBM SPSS Statistics (version 22).
Results
Subjective ratings
Subjective ratings provided before and after the scan session are tabulated in Supplementary Table 1 . Thirst, fullness, satiety, and nausea increased significantly. Hunger and desire to drink decreased significantly.
Sweetness, bitterness, liking, and desire to drink of both beers did not change significantly (Supplementary Table 2 ). However, beer (with alcohol) was rated as significantly sweeter than NA-beer, in particular after the scan session (before scan P = 0.025, after scan P < 0.001). Bitterness and desire to drink did not differ between the 2 beers. Liking of beer tended to be higher after the scan session (P = 0.072).
Average liking and desire to drink across the 3 functional runs did not differ significantly between beer and NA-beer and were higher for the control stimulus compared with both beers (Figure 2,  Supplementary Table 3 ).
Cue activation
In the whole-brain analysis, the beer cue elicited weaker activation than the control cue in the primary visual cortex (bilateral calcarine cortex), SMA (reward ROI), and left and right inferior frontal gyrus/ frontal operculum (Table 1, Figure 3) .
Analyses of the response to the drink cues versus looking at a crosshair (rest) in reward ROIs with in-scanner liking scores as a covariate showed that the control cue activated the bilateral middle cingulum ( 
Taste activation
Whole brain there were no significant differences between the 2 beer stimuli at a cluster extent threshold equivalent to P = 0.05, FWEcorrected for multiple comparisons (Table 2) . At P = 0.001, k > 19 tasting NA-beer was associated with greater activation in the dorsal Figure 2 . Average (mean ± SE) liking and desire to drink ratings of beer, NA-beer, and the control stimulus as provided during the scan session (n = 21). Average liking and desire to drink were higher for the control stimulus compared with both beers. Also see Supplementary Table3. prefrontal cortex (in between the middle cingulum and the superior and middle frontal gyri) than tasting beer with alcohol when controlling for differences in liking, sweetness and bitterness of the 2 beers. There were no significant differences in reward ROIs.
Analyses of taste versus "rest" responses in reward ROIs controlling for liking, sweetness, and bitterness showed that beer taste activated the bilateral anterior insula (left: MNI(−22, 25, 10), z = 5.01, 
Aftertaste activation
Whole-brain taste activation after swallowing was significantly greater for alcoholic beer than for NA-beer in the inferior frontal gyrus/anterior insula and dorsal prefrontal cortex (superior frontal gyrus), when controlling for liking, sweetness, and bitterness (Table 3, Figure 4) . The difference in sweetness rating correlated positively with activation in the lateral prefrontal cortex (right superior frontal gyrus MNI(27, 56, 10), k = 47, z = 4.52; contralateral peak at MNI(−19, 63, 6), k = 16, z = 3.84, n.s.). Results for the model with only liking added as a covariate are shown in Supplementary  Table 4. As for reward ROIs, there was only significantly greater aftertaste activation in the left lateral OFC (MNI(−22, 56, −8), z = 4.30, P FWE = 0.04) for beer compared with NA-beer.
Analyses of aftertaste versus "rest" responses in reward ROIs controlling for liking, sweetness, and bitterness showed that beer aftertaste activated the right anterior insula (MNI(31, 28, −1), Table 1 ). Top: color-coded T-map of beer versus control cue activation overlaid onto the mean anatomical image thresholded at t = 3.58 (P = 0.001). Bottom: underlying brain responses to cue presentation (mean ± SE, n = 21). l/rCalcarine, left/right calcarine cortex; l/rIFG-FO, left/right inferior frontal gyrus/frontal operculum; SMA, supplementary motor area. z = 3.89, cluster-level P FWE = 0.01) and middle cingulum (MNI(13, 18, 38), z = 3.54, P FWE = 0.03). NA-beer aftertaste activated the SMA (MNI(3, 11, 52), z = 4.39, P FWE = 0.03), left anterior insula (MNI(−29, 28, −1), z = 4.13, cluster-level P FWE = 0.006), and right middle insula (MNI(45, 14, −1), z = 3.99, cluster-level P FWE = 0.005).
Discussion
We compared brain responses between the anticipation of beer and carbonated mineral water and between taste and aftertaste of beer with and without alcohol to establish whether this differentially activates brain regions involved in taste and reward processing. The beer cue elicited less activation than the control cue in primary visual cortex, SMA, and bilateral inferior frontal gyrus/frontal operculum. For tasting, there were no significant differences between the 2 beers at a corrected threshold although at P < 0.001, k > 19, tasting NA-beer was associated with greater activation than tasting beer in the dorsal prefrontal cortex. However, taste-related activation after swallowing was significantly greater for alcoholic than for NA-beer in the inferior frontal gyrus/ anterior insula and superior frontal gyrus (dorsal prefrontal cortex).
Cue activation
A meta-analysis has shown that in alcohol-dependent individuals, alcohol cues elicited robust activation of limbic and prefrontal regions, including ventral striatum, anterior cingulate, and ventromedial prefrontal cortex. Compared with controls, cases demonstrate greater activation of parietal and temporal regions, including posterior cingulate, precuneus, and superior temporal gyrus in response to alcohol cues (Schacht et al. 2013) . Contrary to what one might expect, we found that the beer cue was associated with less activation than the control cue in the primary visual cortex, SMA, and bilateral inferior frontal gyrus/frontal operculum while controlling for liking differences between the beer and control drink. Both the control cue and the beer cue activated several reward-related areas, including the ventral striatum; however, with the exception of the SMA reward, ROI activation did not differ significantly between the 2 cue types. Note that we used words rather than picture cues, because these are better visually matched. However, picture cues may be more salient and thus elicit stronger anticipation and associated brain responses.
Food versus non-food picture cue-induced activation of primary visual cortex has been interpreted as reflecting heightened attention for and salience of food cues (van der Laan et al. 2011; Smeets et al. 2013 ). The SMA is involved in approach and avoidance behaviors and performs motor preparation (Nachev et al. 2008) . It also activates during reward anticipation, that is, upon presentation of a cue signaling impending reward, in active reward paradigms requiring a response from participants (Knutson et al. 2001a (Knutson et al. , 2001b . At first sight, our finding might reflect greater reward anticipation for the control drink. However, it is unclear why this would be the case, because we controlled for liking differences. An alternative explanation is that activation for the beer cue was lower due to the inconsistent relation between the beer cue and the subsequent drink delivered because the beer cue was paired with the delivery of both beer with and without alcohol. There were neural differences between the 2 beers, notably after swallowing, despite controlling for sweetness, bitterness, and liking. This suggests that there still may have been a sensory cue, associated with the presence of alcohol which allowed the brain to differentiate between the 2 beers and thus detect that the beer cue was not always followed by the same beer. Significant at P = 0.001, k > 40 (P < 0.05, FWE-corrected). a One-sample t-test with the average differences in liking, sweetness, and bitterness (average for beer minus NA-beer) as covariates.
b Significant at P = 0.001, k > 19. For this test P < 0.05, FWE-corrected corresponded to P = 0.001, k > 67. Furthermore, although alcohol-dependent individuals have been shown to exhibit greater BOLD responses to alcohol versus non-alcohol cues compared with nondependent controls (Schacht et al. 2013) , this hyperreactivity diminishes after alcohol abstinence (Brumback et al. 2015) . This suggests a lack of neural hyperreactivity to alcohol cues in non-alcohol-dependent individuals, which is in line with the finding that low consumers of alcohol do not exhibit alcohol-related attentional bias (Cox et al. 2003) . Similarly, in studies examining the brain response to cue presentation for a milkshake and a tasteless control solution, no difference between the cues was apparent in lean as well as obese participants in the anterior insula, although the obese responded stronger to both cues compared with lean participants in this and other regions, including a cluster in the anterior cingulate cortex just ventral of the SMA (Stice et al. 2008) . Moreover, in nondependent drinkers, like in our study, presentation of alcohol-associated drinks produced smaller increases in arousal than non-alcohol-associated drinks if the drinks were consumed but vice versa if the drinks were just held and not consumed (Glautier et al. 1992 ). These and our results are in line with the theory that alcohol-associated cues may elicit drug-opposite conditioned responses (Wikler 1948) , which act to oppose the unconditioned response normally elicited by the drug unconditioned stimulus, thereby functioning to reduce its impact (Siegel 1975) . We cannot ascertain though whether this is indeed the case in our habitual, but nondependent, drinkers. Thus, follow-up research including alcoholdependent participants would be needed to further elucidate this.
Taste-and aftertaste-related activation
Upon tasting, there were no significant differences between the 2 beers at a corrected threshold although at a more liberal threshold tasting NA-beer was associated with greater activation than tasting beer in the cingulum/dorsal prefrontal cortex. This part of the cingulate cortex has been implicated in flavor processing (Small et al. 2004) . We think that the lack of pronounced differences reflects the fact that the 2 beers were completely identical with the exception of the added ethanol and that alcoholic beer was expected. In line with this, liking and desire to drink ratings did not differ between the beers, although beer was rated as sweeter than NA-beer and this difference became more prominent over the course of the scan session. Animal work has shown that ethanol activates sucrose-responsive neurons in the brainstem in a concentration-dependent way through stimulation of the sweet taste receptor (Lemon et al. 2004 ). This suggests similar representation of alcohol and sugar taste in the mammalian brain. However, our neuroimaging results do not provide support for the direct detection of alcohol on the tongue in humans. That said, it should be noted that we may have been underpowered to detect a difference in this population with the current design in which we provide no cues on alcohol content. Although this avoids cognitive bias toward NA-beer, it may attenuate the difference between the two beer types because alcoholic beer is expected.
The alcohol-containing beer elicited greater after-taste activation than the NA-beer in the superior frontal gyrus (dorsal prefrontal cortex), inferior frontal gyrus/anterior insula, and lateral OFC. This is likely due to post-swallowing perceptual differences caused by the presence of alcohol, other than sweetness, bitterness, and liking, such as trigeminal stimulation or effects of ethanol on the flavor profile. The anterior insula and lateral OFC have been implicated in gustatory processing (Small et al. 1999; Veldhuizen et al. 2011) . The left lateral OFC cluster we observed is close to the area found to be associated with taste pleasantness (Kringelbach et al. 2003) and also activates in response to the sight of appetizing foods (Simmons et al. 2005) . Our results suggest that the left OFC may also represent other aspects of taste-related sensory perception.
The anterior insula encodes taste intensity (Grabenhorst and Rolls 2008) but has also been implicated in the representation of many other oro-sensory stimulations (Rolls 2016) . For example, macaque anterior insular/frontal opercular neurons respond not only to taste but also to non-taste oral sensory stimulation such as temperature and trigeminal stimulation with capsaicin (Verhagen et al. 2004) . Human neuroimaging has confirmed that the primary taste cortex in the anterior insula responds to trigeminal stimulation (oral temperature stimuli; Guest et al. 2007 ). In addition, early fMRI work has suggested that pure gustatory and somato-gustatory stimuli induce overlapping patterns of activation in the insula, and Rolandic, frontal, and temporal opercula. However, only somatogustatory stimuli produced activation of the bilateral Rolandic opercula (Cerf-Ducastel et al. 2001 ).
In the after-taste phase, there are likely effects of retronasal stimulation by flavor components of the beer and by the added ethanol. In olfaction, a meta-analysis of 9 fMRI studies has pointed out the similarities in the cortical processing of olfactory and intranasal trigeminal stimulation (Albrecht et al. 2010) . Interestingly, the part of the right superior frontal gyrus where we observed greater aftertaste activation for beer versus NA-beer is among the areas that activate in response to intranasal trigeminal stimulation with Carbon dioxide (CO 2 ) (Albrecht et al. 2010) . Also, atrophy has been reported in anosmia patients near the parts of the superior frontal gyrus where we observed greater aftertaste activation for beer versus NA-beer (Bitter et al. 2010) and mainly the right superior frontal gyrus/prefrontal cortex has been implicated in olfactory memory retrieval (Cerf-Ducastel and Murphy 2006) . Thus, these prefrontal areas have been linked to olfactory and trigeminal function, which supports our idea that in our study they activate in response to alcohol-related retronasal stimulation. Table 3 ). Top: color-coded T-map of beer versus NA-beer aftertaste cue activation overlaid onto the mean anatomical image thresholded at t = 3.73 (P = 0.001). Bottom: selected underlying brain activation during aftertaste (mean ± SE, n = 19). OFC, orbitofrontal cortex; IFGtri-AI, inferior frontal gyrus triangular part/anterior insula; SFG-dPFC, superior frontal gyrus/dorsal prefrontal cortex; CAU, caudate.
CO 2 in drinks also induces trigeminal stimulation. A few neuroimaging studies examined the effects of carbonation on taste-related brain activation: A small study has suggested that carbonation in a sweet drink reduces taste-related brain activation (Di Salle et al. 2013) . Also, the response to carbonation has been shown to depend on thermal-taster status; in nonthermal tasters, there was significant positive modulation of cortical responses with increasing CO 2 level across taste, somatosensory, and reward areas whereas in thermal tasters, there was reduced positive modulation with increasing CO 2 level in primary somatosensory areas and significant negative modulation in taste (anterior insula) and reward (anterior cingulate cortex) areas (Hort et al. 2016) . This suggests that the response to ethanol may also depend on thermal taster status. Other than that we expect no effect of carbonation on our results because the degree of carbonation was identical for our 2 beers.
Taken together, the fMRI work so far has emphasized the overlap between the processing of pure gustatory and olfactory stimulation and trigeminal stimulation. This appears to well in line with the few differences in (after) taste-related brain activation observed between our beer and NA-beer and suggests that the differences we do observe are due to ethanol-related stimulation of the back of the tongue and (retro)nasal epithelium. Although we found prominent differences between the taste and aftertaste conditions, the absence of temporal jittering between them should be noted as a limitation that decreased our ability to detect differences. We decided to do this to reduce the length of the scan session and to maintain a more natural sequence of events.
To the best of our knowledge, only one study has assessed the specific effects of alcohol in a taste-related fMRI study with low-and high-alcohol-content red wines (Frost et al. 2015) . Interestingly, significantly greater activation was found for lowcompared with high-alcohol content wines in brain regions that are sensitive to taste intensity (Small et al. 2003; Spetter et al. 2010) , including the insula as well as the cerebellum. The authors attribute this to cognitive modulation of oral sensory perception and suggest that their low-alcohol-content wines induced greater attentional exploration of aromas and flavors (Frost et al. 2015) . There are important differences between this study and our study. First, Frost et al. studied a 1.5% difference in alcohol content with their low-alcohol wines containing between 13% and 13.5% alcohol while we compared 0% versus 5% alcohol. Second, they modeled 30-90 s tasting blocks that included multiple small wine deliveries of 0.75 mL with subsequent swallowing while we modeled taste blocks starting with the delivery of a 10-mL sip separately from post-swallowing aftertaste blocks. Indeed, such a long taste period and the fact that wine was used may well have promoted aroma and flavor exploration and this effect may well be stronger when there is less ethanol stimulation than expected. In our faster-paced design with sips of a naturalistic size, there was clearly more brain activation for the alcohol-containing beer after swallowing whereas the reverse tended to be true before swallowing. These differences make it hard to directly compare responses between Frost et al. and our study.
In our study, anticipation was induced by a visual (text) cue. Anticipation and receipt of a 0.5-mL predictable pleasant sweet taste have been shown to largely recruit different brain areas in a small (n = 8) fMRI study; expectation produced activation in the midbrain, amygdala, striatum, and OFC whereas only the OFC was activated by reward receipt (O'Doherty et al. 2002) . In contrast to our finding of left OFC activation for beer versus NA-beer after taste, receipt of pleasant (glucose) and unpleasant (salt) tastants activated the right OFC. Our large 10-mL sips may have yielded a more consummatory response while small sips (~1 mL) such as used by O'Doherty et al. (2002) and by many studies in alcoholdependent participants (Filbey et al. 2008a (Filbey et al. , 2008b Courtney and Ray 2014; Courtney et al. 2015) are seen as gustatory (alcohol) cues triggering anticipatory brain activation. This may explain the differences between our study and the aforementioned studies with liquid alcohol cues, such as the lack of ventral striatum activation during the taste and after-taste phase. A final consideration is that although individuals that disliked any of the beer stimuli (VAS score < 40) during the training session were not scanned, the average liking of the beers was neutral; around 50 inside the scanner and around 55 outside the scanner. This may have limited our ability to detect reward-related brain responses because the beers were not perceived as very rewarding.
Conclusion
We found that a beer cue elicits less activation than the control cue in primary visual cortex, SMA, and bilateral inferior frontal gyrus/ frontal operculum. This may reflect a lack of neural hyperreactivity to alcohol cues in non-alcohol-dependent individuals possibly in conjunction with the covertly inconsistent pairing of the beer cue with 2 different beers. During tasting, there were no significant differences between the 2 beers at a corrected threshold, which suggests that there is no direct detection of 5% alcohol by receptors on the tongue when presented in a beer context. However, taste-related activation after swallowing was significantly greater for alcoholic than for NA-beer in the inferior frontal gyrus/anterior insula and superior frontal gyrus (dorsal prefrontal cortex), which we infer are due to ethanol-related stimulation of the back of the tongue and (retro)nasal epithelium rather than reward processing. In conclusion, we found no differences in acute brain reward between beer with and without alcohol, when presented in a context where regular alcoholic beer is expected. This suggests that in normal regular consumers, beer flavor rather than the presence of alcohol is the main driver of the consumption experience. Follow-up research should establish the impact of an overt nonalcoholic label on beer-related brain activation as such top-down labeling effects can have a strong impact on subjective perception and taste-related brain responses (Plassmann et al. 2008; Woods et al. 2011) .
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